Abstract -Oxygen-carrier materials for chemical-looping with oxygen uncoupling (CLOU) must be capable to take up and release gas-phase O 2 at conditions relevant for generation of heat and power. In principle, the capability of a certain material to do so is determined by its thermodynamic properties. This paper provides an overview of the possibility to design feasible oxygen carrier materials from combined oxides, i.e. oxides with crystal structures that include several different cations. Relevant literature is reviewed and the thermodynamic properties and key characteristics of a few selected combined oxide systems are calculated and compared to experimental data. The general challenges and opportunities of the combined oxide concept are discussed. The focus is on materials with manganese as one of its components and the following families of compounds and solid solutions have been considered: (Mn
.
In reaction (1) , it was assumed that the fuel is in gas phase and that it reacts with the oxygen carrier in a gas-solid-reaction. However, with some oxygen carrier materials gas-phase O 2 can be released directly in the fuel reactor according to reaction (4) .
O 2 will be released until equilibrium for reaction (4) is obtained. If there is a fuel present it will react directly with released O 2 according to reaction (3), which will facilitate further O 2 release until all available fuel is consumed. The reduced oxygen carrier can then be recirculated to the air reactor where it is reoxidized according to reaction (2).
This reaction scheme described above is referred to as chemical-looping with oxygen uncoupling (CLOU), see Mattisson et al. [3] . The sum of reactions is identical to the one for chemical-looping combustion, but the mechanism by which the fuel is oxidized is different. In ordinary chemical-looping combustion, the oxidation of fuel takes place mainly via gas-solids reactions. So if the fuel is a solid such as coal, it has to be gasified in order to be able to react with the solid oxygen carrier. By contrast, in chemical-looping with oxygen uncoupling, the oxidation of the fuel can proceed by direct combustion. Leion et al. [4] have shown that oxidation of coke can be orders of magnitude faster using this reaction scheme compared to a conventional chemical-looping combustion process which relies on char gasification.
Aim of this study
The aim of this study is to provide an overview of the possibility to design oxygen carrier materials from combined oxides, i.e. oxides with structures that include several different
cations. Oxygen carriers for chemical-looping with oxygen uncoupling
The central requirement for an oxygen-carrier material for chemical-looping with oxygen uncoupling is that it should be capable of taking up and releasing gas-phase O 2 at conditions relevant for char combustion. This capability is dictated by the equilibrium O 2 partial pressure (p O2 ) for reaction (4), which is different for different materials and also a function of parameters such as temperature and pressure.
In a real-world facility for power generation with a conventional Clausius-Rankine cycle, the O 2 concentration in the outlet of the air reactor would preferably be low. High excess air reduces the efficiency of the plant and increases costs. In this work it is assumed that the highest acceptable O 2 concentration in the gas from the air reactor is 5%, i.e. an excess air ratio of 20%, which is comparable to what is used in circulating fluidized bed boilers. This means that the equilibrium O 2 partial pressure for reaction (4) should not be higher than 5% at the desired air reactor temperature, else reoxidation will be impossible. Hence calculating this temperature (T eq,PO2=5% ) provides the maximum air reactor temperature for a certain oxygen carrier.
As for the fuel reactor, high temperature equals a higher partial pressure of O 2 according to reaction (4) and faster overall reaction kinetics. As will be explained below, oxygen carriers for chemical-looping with oxygen uncoupling typically gives slightly exothermic reactions with fuel in the fuel reactor. It seems reasonable to assume that heat will be extracted in the air reactor to control the temperature here, while the fuel reactor will be allowed operate at similar or slightly higher temperature.
Depending on solids circulation and solids inventory, the O 2 release could well be higher than what is consumed by the fuel. This would then lead to the presence of oxygen in the gas from the fuel reactor. Thus, it can be assumed that operation with oxygen carriers that release oxygen will need proper control systems to avoid either excess of oxygen or unconverted fuel gas.
Since the reactions in the fuel reactor typically are exothermic, high solids circulation should not be necessary to maintain the overall heat balance. Instead, the minimum solids circulation will be determined by the oxygen carrier capacity (R 0 ) which is defined in equation (5), in which m ox is the weight of the fully oxidized sample and m red is the weight of the fully reduced.
Below is an overview over some binary and ternary oxide systems which have been identified as promising for the proposed application. All data and phase diagrams have either been calculated with the software FactSage 6.1 using the FToxid database, or in some case been taken from identified sources. The results are summarized in section 3 below.
Monometallic oxygen carriers
Although not the focus of this study, it should be mentioned that there are monometallic systems which could be feasible for the discussed application. CuO is commonly proposed and has been shown to release O 2 rapidly via reaction (6) at temperatures in the range of 850-950°C, see for example Leion et al. [4] , Gayán et al. [5] , Eyring et al. [6] and Arjmand et al. [7] . Further, Mn 2 O 3 could release O 2 via reaction (7), but reoxidation is restricted to low temperatures where the rate of reaction appears to be too slow to be practically applicable [3] .
Finally, Co 3 O 4 could release O 2 via reaction (8) , but this system looks unattractive due to unfavourable cost, health and environmental characteristics [3] . The equilibrium O 2 partial pressure for reactions (6) (7) (8) can be found in Figure 2 .
(Mn y Fe 1-y )O x combined oxides
The ternary system Mn-Fe-O has properties which make it exceptionally interesting for oxygen carrier applications. In fact, such oxides have already been proven to be capable of releasing considerable amounts of gas phase O 2 , see Azimi et al. [8, 9, 10] , Rydén et al. [11] and Shulman et al. [12] . This family of materials is believed to be resistant towards fuel impurities such as sulfur and could also be manufactured from cheap and relatively harmless raw materials.
A binary phase diagram of the (Mn y Fe 1-y )O x system is shown in Figure 3 . It can be seen that [13], and Ksepko et al. [14] . Studies [8] [9] [10] [11] [12] are all in good agreement with the reasoning presented above. In particular the study by Azimi et al. [8] which was conducted according to the principles proposed in this paper using (Mn 0.8 Fe 0.2 )O x as oxygen carrier, showed very fast O 2 uncoupling and rapid oxidation of both methane and wood char already at 850°C.
(Mn y Si 1-y )O x combined oxides
Manganese and silica oxides are cheap, could be expected to be inert towards sulfur at relevant temperatures and have low health and environmental impact. A binary phase diagram of this system is shown in Figure 5 . It can be seen that the expected reaction mechanism for O 2 release and uptake is different depending on the material composition.
With Si/(Mn+Si) below 0.14 the system behaves similar to the pure manganese oxide system. Figure 5 differs slightly from the classic studies by Muan et al. [15, 16] , so the precise temperature for how much Si that is needed to increase the decomposition temperature in this region is somewhat unclear.
With Si/(Mn+Si) above 0.14 the mechanism for O 2 release is decomposition of braunite to R experiments, but the effect diminished after several cycles or after reduction with fuel [17] .
Other materials which initially did not release O 2 in N 2 at 900°C were found to release minor amounts following reduction with fuel and reoxidation [18] . At very high temperatures, particles with 30 wt% SiO 2 were found to release O 2 more or less as suggested for reaction (11) in Figure 6 , but full oxidation to Mn 7 SiO 12 apparently was not possible [17] . The general impression for these two series of experiments is that oxidation to 
CaMnO 3-δ and other materials of perovskite structure
Materials of perovskite structure have a unit cell which can be written ABO 3-δ , in which A is a large cation and B is a smaller cation. The δ-factor expresses the degree of oxygen deficiency in the structure, and is zero for a perfect structure.
There are countless possibilities to synthesize materials of perovskite structure. The A and B sites does not have to consist of one single type of ions. Doping of the A and B site with one or more type of ions is possible as long as the dopants have similar ionic radii and oxidation state as the main atom. Generally speaking, the B site can be selected among most transition metal ions. Good candidates for the application chemical-looping combustion could be for example manganese, iron and titania, albeit small amounts of more expensive materials such as copper, nickel or cobalt could be included in the structure as well. The A site needs to have much larger ionic radii and there are less options. Calcium appears to be the most attractive due to good availability and low cost, with the most commonly examined alternatives being lanthanum and strontium. Finally, the sum of the expected oxidation number of the A and B site should be in the range 5-6, which would yield materials with a δ-factor of 0.5-0. The formability of perovskites has been extensively reviewed by Li et al. [20] .
Materials of perovskite structure are interesting for chemical-looping applications because δ can be increased or reduced by altering factors in the surroundings such as temperature, pressure or O 2 fugacity. The surroundings in a chemical-looping air reactor are oxidative, while they are reductive in the fuel reactor. Therefore δ ar will be smaller and δ fr will be larger. 
The reported temperature of decomposition of NiMn 2 O 4 in air according to reaction (13) is 907°C [26] . This suggests that reoxidation could be a problem when using low O 2 concentrations. Shulman et al. [12] were capable to oxidize to oxidize particles using 10% O 2 in N 2 at 900°C though. In general, these results appear to be in good agreement with the phase diagram provided by Golikov and Balakirev [27] .
Despite these promising results, the allure of (Mn y Ni 1-y )O x combined oxides as oxygen carrier for chemical-looping applications is not necessarily high. Ni is expensive and carcinogenic and would probably be more useful as monometallic oxygen carrier since direct reduction of NiO yields metallic Ni, which is well-known to possess some interesting catalytic properties.
(Mn y Cu 1-y )O x combined oxides
Since both manganese and copper oxides individually has properties which makes them interesting for chemical-looping with oxygen uncoupling, it could be expected that 
From the work of Shulman et al. [31] and earlier work with this system by Oliveira and Brett [32] , it seems likely that reaction (15) takes place at higher temperatures than for monometallic manganese oxides and via a sliding equilibrium for O 2 partial pressure depending on the factor x in reaction (15) . Further work will be needed in order to provide a better understanding of this oxide system though.
Results and discussion
The focus of this article has been on combined oxides with manganese as one of its constituents. That is not to say that other ternary systems do not exhibit this kind of properties. We believe that the case for manganese is pretty good though, since it is a cheap and comparably benign transition metal which forms compounds with a large number of other elements and which ions can exist in a remarkably high number of oxidation states, from Mn 2+ to Mn 7+ . A summary of the most basic properties for the materials suggested in this work can be found in Table 1 on the following page.
In Table 1 Of the suggested systems, some could be suspicable to deactivation by fuel impurities. The sulfur tolerance of oxygen carriers containing for example Ca, Mg and Ni is unknown but questionable, since formation of stable sulfates and sulfides would be favored at relevant temperatures. The effect of sulfur on such oxygen carriers will need to be carefully considered and experimentally examined.
Factors which have not been considered in this paper are for example mechanical and chemical stability of multiphase materials, which could be problematic. Compatibility of the active phase with inert support materials would also get more complicated the more elements are included in the oxygen carrier. Manufacturing would probably not be more complicated for combined oxides compared to monometallic, although better homogenization and higher calcination temperatures may be necessary to obtain the desired materials.
Conclusions
This paper has provided an overview of the possibility to design feasible oxygen carrier 
